The sea urchin tooth is a remarkable grinding tool. Even though the tooth is composed almost entirely of calcite, it is used to grind holes into a rocky substrate itself often composed of calcite. Here, we use 3 complementary high-resolution tools to probe aspects of the structure of the grinding tip: X-ray photoelectron emission spectromicroscopy (X-PEEM), X-ray microdiffraction, and NanoSIMS. We confirm that the needles and plates are aligned and show here that even the high Mg polycrystalline matrix constituents are aligned with the other 2 structural elements when imaged at 20-nm resolution. Furthermore, we show that the entire tooth is composed of 2 cooriented polycrystalline blocks that differ in their orientations by only a few degrees. A unique feature of the grinding tip is that the structural elements from each coaligned block interdigitate. This interdigitation may influence the fracture process by creating a corrugated grinding surface. We also show that the overall Mg content of the tooth structural elements increases toward the grinding tip. This probably contributes to the increasing hardness of the tooth from the periphery to the tip. Clearly the formation of the tooth, and the tooth tip in particular, is amazingly well controlled. The improved understanding of these structural features could lead to the design of better mechanical grinding and cutting tools. echinoderms ͉ grinding tool ͉ self-sharpening ͉ spectromicroscopy ͉ X-ray microdiffraction
O
ne of the most interesting paradigms in the field of biomineralization is the ability of the sea urchin tooth to grind down limestone, because both the tooth and the rock are composed almost entirely of calcite. This impressive ability is certainly related to the structure of the whole tooth and especially the organization of the materials that make up the mature end, that is, the grinding tip of the tooth. The sea urchin tooth has thus been studied extensively studied (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) to better understand the unique structural features that enable it to function so effectively as a grinding tool.
The major structural elements of the sea urchin tooth are primary plates and needles each of which is a single crystal of low Mg calcite (5-13 mol% Mg), and a Mg-enriched calcite polycrystalline matrix (40-45 mol% Mg), which is confined to the stone part of the tooth. The latter is the hardest part of the tooth and is located in its central part, when seen in cross-section (7) . The primary plates and needles first form the framework of the sea urchin tooth, whereas the Mg-enriched polycrystalline matrix fills the spaces between the plates and the needles, during the later stages of tooth development. The Mg-rich polycrystalline phase has high hardness and elastic modulus values, and together with the plates and needles, is thought to play a key role in the grinding capability (11) . The needles, plates, and polycrystalline matrix are all intimately associated at the micrometer-scale in the stone part of the tooth. The focus of this study is to better understand the structural organization of the tip by taking advantage of 3 highly resolving techniques that provide information on compositional variations and crystal orientations.
During tooth formation, a needle-plate complex forms a single crystal via an amorphous calcium carbonate (ACC) precursor phase (10) . The needle-plate complexes have been described as being all aligned such that a whole tooth behaves as a single crystal (5, 12) based on X-ray diffraction, or as 2 crystals with a small angular offset based on polarized light microscopy (1-3); a dichotomy that is addressed in this study.
The needles and the plates are also known to have different material properties, even within a single crystal element. For example, the internal layer inside the plates is composed of ACC, and the cores of the needles are more soluble than their peripheries (7) . The polycrystalline matrix crystals are so rich in Mg, that they were referred to as ''protodolomite,'' because the structure corresponds to disordered Mg calcite (12) . Wang et al. (7) showed that at least 75% of the Mg is located within the crystal lattice. They also noted that a membrane separates the needles from the polycrystalline matrix in the mature end of the tooth, and that within individual needles there is a gradient in the concentration of Mg.
In this study, we take advantage of the combination of several new experimental techniques that enable structures to be probed with spatial resolutions at different length scales ranging from nanometers to tens of micrometers. X-ray photoelectron emission spectromicroscopy (X-PEEM), combined with X-ray absorption near-edge structure (XANES) spectroscopy, provide structural (13), compositional (14) , and orientational (15, 16) information. X-PEEM has a best resolution of 10 nm (17) (20 nm in this work) and a probing depth of a few nanometers (3 nm for carbon, 5 nm for oxygen, 12 nm for magnesium K-edges, and 3 nm for calcium L-edge) (16, 18) . The recently developed polarization-dependent imaging contrast (PIC) displays with varying gray levels, different angles between the c axis of a carbonate crystal and the X-ray polarization vector (15, 16 19) . Although the method is not quantitative, it can highlight and spatially resolve regions of cooriented or misaligned crystals (15, 16, 19, 20) . Microbeam X-ray diffraction can probe volumes in the micrometer regime (10-m beam size in this work) to obtain local crystal orientation in 3-dimensions. A particularly powerful method is the combination of microbeam diffraction with scanning, that enables the production of 2-dimensional maps from the diffraction patterns (21, 22) . In our case, information on the magnesium distribution can be determined from the dependence of the diffraction angle of Bragg reflections on the Mg concentration (23) . The nano-scale secondary ion mass spectrometer (NanoSIMS) represents the latest generation of ion microprobes, which links high-resolution microscopy with isotopic analysis. The main advantage of NanoSIMS over other secondary ion mass spectrometers is its ability to operate at high mass resolution, while maintaining both excellent signal transmission and spatial resolution (down to 50 nm) (24) (25) (26) . In this article, these 3 techniques are used to better understand the structure and organization of the crystals that make up the grinding tip of the sea urchin tooth.
Results
Both X-PEEM and X-ray microdiffraction provide information on the crystallographic alignments of the 3 structural elements in the tooth tip, and both provide information on the distribution of Mg in and around the tooth tip. The Mg distribution is also mapped using NanoSIMS.
Crystal Orientation. Fig. 1 A-D show 4 different X-PEEM maps from exactly the same cross-sectional area in the tooth tip. The low resolution Mg map (Fig. 1 A) clearly shows the needles (elliptical dark spots) and plates (dark stripes) in the tooth tip. Needles and plates are both dark because they contain lower concentrations of Mg relative to the very high-Mg polycrystalline matrix (bright areas). Fig. 1B shows the Ca distribution map of the same region, where the needles and plates are brighter as they have higher Ca concentrations. Crystal c axis orientations were obtained from polarization-dependent imaging contrast (PIC) maps at the carbon and oxygen K-edges ( Fig. 1 C and D,  respectively) . These maps were obtained by the digital ratio of X-PEEM micrographs, acquired at the * and * peak energies for both carbon and oxygen. The C and O concentrations are the same in the different regions, because all of the stone part components are composed of Ca/Mg carbonate. The carbon and oxygen PIC maps are identical, because XANES spectra are sensitive to specific bonds, and C and O are bonded to each other in carbonates. The different gray levels in the carbon and oxygen PIC maps are thus due to different c axis orientations relative to the polarization vector in the illuminating X-ray beam (16) in alternating regions. Within each of these regions, not only are the tooth plates and needles aligned, but also the high Mg crystals that make up the polycrystalline matrix. Another interesting area is at the center of the stone part of the mature tooth. Here, too the carbon PIC map indicates 2 c axes orientations (Fig. S1 ). We note that the 2 orientations cannot be attributed to rotations in the ab plane, because X-PEEM PIC maps are insensitive to such rotations, although they are extremely sensitive to c axis rotations (see Fig. 2 in ref. 19) . The needles and the polycrystalline matrix surrounding them have the same c axis orientations as they both have almost the same gray level (Fig. 1F) . For reference the Mg map (Fig. 1E ) is shown at the same magnification. These locally aligned and alternating regions have never been observed before in the sea urchin tooth. The X-PEEM PIC maps do not, however, provide quantitative information on the orientations of the 2 crystals, nor on the angular difference between the 2 c axis orientations (25) .
We used microbeam X-ray diffraction to study the predominant orientations of calcite crystals in various parts of the tooth tip. Diffraction patterns were obtained from two 100-m-thick transverse cross-sections (one of them is shown in Fig. 2 A) and 1 longitudinal section (Fig. S2) , using a 10-m-wide beam. Different positions on the tooth section were examined by rotating and oscillating the sample as described in the experimental section. Fig. 2B shows 1 quadrant of a 2D diffraction pattern obtained from the central region of the stone part for an oscillation angle of Ϯ 90°. This ''rotating crystal'' diffraction pattern reveals essentially a single crystalline Mg-calcite pattern with a small (a few degrees) azimuthal spread of the reflections. The vertical symmetry line of the cross-section (corresponding to the rotation axis) is close to the [018] direction, and the calcite c axis (006) reflection is tilted by Ϸ15°with respect to the vertical.
The (104) reflection is shown in more detail for several positions in Fig. 2 C-E. Within the scanned region (green box in Fig. 2 A) , this reflection always appears in the rotation interval between Ϫ5°and ϩ10°, where 0°corresponds to the beam being perpendicular to the cross-section. Two slightly different orientations are apparent in the pattern from the middle of the tooth tip (stone part) (Fig. 2D) as indicated by the presence of a double peak. However, on either side of the tooth stone part, only 1 peak dominates ( Fig. 2 C and E) . Similar observations were made for the entire upper region (60 m from the top line of the green box in Fig. 2 A) , where plates and polycrystalline matrix dominate. In this region, the azimuthal angle varied by a maximum of 3°. In the lower part of the box in Fig. 2 A, where needles dominate, a slightly broader distribution and typically Ͼ2 azimuthal maxima were observed (see the peaks indicated by the yellow arrow in Fig. 3A , as an example). Nonetheless, the profiles in this part of the tooth are generally consistent with the 2 main crystal orientations observed in the upper part. The azimuthal distribution of the polycrystalline matrix [appearing at a larger scattering angle 2 because of its larger Mg-content ( Fig. 3A) ] generally follows the orientations of the needles and plates, but appears rather continuous and rarely shows separated peaks. We note that the X-PEEM images in Fig. 1 do show that the polycrystalline matrix has 2 alternating c axis orientations in the stone part of the sea urchin tooth.
An estimate for the upper limit of the tilt angle between the [104] directions in the central part of the tooth stone part is 5-10° (  Fig. 2D) . A more precise value cannot be determined from the present data as the specimen was oscillated by Ϯ2.5°, and the reflections were typically observed within 2 successive rotation angles (increment 5°). We did note that the diffraction patterns from the longitudinal sections reveal essentially 2 single crystal Mg-calcite crystal patterns that are misoriented by Ϸ0.6°azi-muthal difference based on the (006) reflection (Fig. S2) . This indicates that, in this area, the two c axes are misoriented by less than Ϸ6°if we take into account the oscillation angle of Ϯ2.5°. Note that this demonstrates that misalignments of 5°or less are clearly differentiated by the X-PEEM carbon and oxygen PIC maps.
Mapping of the Mg Concentrations. X-ray microdiffraction. The Bragg reflections are split in the radial (2) direction. Although the azimuthal intensity distribution is related to the crystal orientation, the radial splitting indicates changes in lattice spacing. These are most likely due to the difference in Mg concentrations between the needles/plates and the polycrystalline matrix (Fig.  3A) . The inner peak (lower 2) corresponds to the needle/plate complex with a larger lattice spacing and the outer peak (higher 2) to the polycrystalline matrix with a smaller spacing because of a larger Mg content (5, 26) . Fig. 3B shows the azimuthally integrated profiles of the (104) reflection along a horizontal line close to the middle of the green box in Fig. 2 A. In most cases, 2 isolated peaks are visible. Both peaks shift with position, indicating gradients in Mg content of both the plate/needle complexes and the polycrystalline matrix, over a length scale of Ϸ40 m. The radial position of the 2 peaks in Fig. 3B was used to determine the local Mg contents of the plate/needle complex and the polycrystalline matrix separately. A detailed mapping in the vertical direction shows an increase in both the Mg concentration and the relative amount of polycrystalline matrix from the periphery to the center of the stone part (Fig. S3) . Fig. 2 A. (A) The 104 reflection measured close to the center of the green box in Fig. 2 A (x ϭ 160 m, y ϭ 60  m) . Two contributions are observed in the radial direction (scattering angle 2). The inner part (lower 2, indicated by the yellow arrow) corresponds to the Bragg peaks of the low Mg single crystals (mainly needles in this region), whereas the outer peak (higher 2, indicated by the red arrow) belongs to the high Mg polycrystalline matrix. (B) Radial diffraction intensity I(2) obtained by integrating the (104) diffraction peaks in the azimuthal () direction. The profiles correspond to a horizontal line near the middle of the green box in Fig. 2 A (vertical position y ϭ 60 m, horizontal positions as indicated) . The mean peak positions were used to calculate and to map the Mg contents for the plate/needle complex and the polycrystalline matrix, and the relative amounts of the 2 phases, respectively (see Fig. S3 ).
X-PEEM. X-PEEM provides information on Mg concentrations to a depth of Ϸ12 nm below the surface and at a much higher resolution (up to 20 nm) than microdiffraction ( Fig. 1 A and E) (16) . Although quantitative information on the local Mg concentration cannot be extracted, it is clear from Fig. 1 A and E that the Mg concentration is not uniform: the different gray levels show that the cores of the needles contain less Mg than their peripheries, and there are some low Mg zones within the polycrystalline matrix (Fig. 1E) . NanoSIMS. The NanoSIMS ion probe provides quantitative information on Mg concentrations at a resolution lower than X-PEEM, but much higher than the X-ray microdiffraction used here. The spatial resolution is Ϸ100 nm and the probing depth of each scan is Ϸ10 nm (23) . Fig. 4 shows a Mg/Ca map of a polished transverse cross-section of the grinding tip. The Mg concentration of the polycrystalline matrix is close to that of dolomite, namely in the neighborhood of 45 mol% Mg, in agreement with the microdiffraction imaging of the Mg concentration of the polycrystalline matrix (Fig. S3) . The Mg contents in the polycrystalline matrix are Ͼ3 times higher than those in the single crystalline needles (Fig. 4) . Mg is distributed unevenly in the polycrystalline matrix, with areas of higher Mg contents being located at some distance from the needles. NanoSIMS shows that the cores of the needles have less Mg than their rims. Both of these observations are consistent with the X-PEEM results. Note that the size of the needles in Fig. 4 is larger than that of the needles in Fig. 1E because the area for the NanoSIMS analysis in Fig. 4 is farther away from the center of the stone part where the X-PEEM images in Fig. 1 were obtained.
Discussion
This high resolution structural and compositional study shows that in the sea urchin tooth tip the needles, plates and the high Mg polycrystalline matrix are all aligned. Furthermore, there are 2 differently-oriented crystalline blocks. The blocks are interdigitated in the stone part that is responsible for the grinding. The Mg concentrations in the tip are graded such that there is an overall increase in the Mg concentrations of both the needles and the polycrystalline matrix toward the center of the tip. The sea urchin tooth tip is clearly the product of exquisite control.
Ma et al. (10) showed that an individual plate-needle complex forms 1 single continuous crystal, despite its complex morphology. It is not known how many of these plate-needle complexes are aligned. One possibility is that all of the aligned components were actually only nucleated once, and that they are all part of 1 structural continuum. Because the tooth is composed of 2 such cooriented complexes, this would imply 2 slightly differently oriented nucleation sites.
The alignment of the nano-sized crystals of the polycrystalline matrix with the needles and plates is puzzling, because Wang et al. (7) reported the presence of a membrane of unknown composition around each needle in the tooth tip. The alignment is less puzzling if one assumes a process of secondary nucleation, starting from the plates, which are not coated by a membrane but by a loose network of organic molecules (7) . In this scenario, crystal orientation would propagate through the network and eventually include all nanocrystals in the polycrystalline matrix. Furthermore, the extent of alignment of the crystals in the polycrystalline matrix is not as good as the alignment of the needles and the plates. This may indicate that the polycrystalline matrix constituents obtain their alignment by the mechanism of oriented attachment (27, 28) , or by secondary nucleation upon contact.
We define a region of cooriented plates, needles, and the polycrystalline matrix as a ''block.'' The X-PEEM results show that only 2 kinds of blocks with different c axis orientations exist, as shown by the appearance of stripes with slightly different gray levels in PIC images. These stripes alternate regularly across the stone part of the mature sea urchin tooth, indicating that the two blocks are interdigitated. This is schematically illustrated in Fig.  5 . X-ray microdiffraction basically confirms these observations, although 2 clearly defined orientations seem to be present only in the plate-rich regions of the tip, whereas, in the needle-rich regions, some intermediate orientations are also observed. Microbeam X-ray diffraction provides an estimate for the misalignment of the alternating blocks (Fig. S2) . The misalignment is between 1°and 6°depending on the location. The presence of 2 crystals is consistent with the proposal of Märkel that the whole tooth has basically 2 orientations based on polarized light microscope images (1-3) . Polarized light microscopy images of thin sections of the tooth tips examined here (Fig. S5 ) are also consistent with Märkel's studies.
In this study, we show that the Mg contents increase from the periphery of the tooth tip to the center, in the plates and needles, and in the polycrystalline matrix. In addition, the relative proportion of polycrystalline matrix shows a strong gradient toward the grinding tip. We infer that this increase in Mg within the different structural elements, and the increase in the relative proportion of the polycrystalline matrix, both contribute to the mechanical design of the tooth as a grinding tool, following the studies of Wang et al. (7) and Ma et al. (11) . Wang et al. (7) note that the Mg concentrations vary within a single needle, from Ϸ4.5 mol% in the keel to 13 mol% in the grinding tip. They also note that the dimensions of the needles decrease from 15-20 m in the keel to Ϸ1 m in the tip. These properties should also increase the hardness and stiffness of the needles in the tip.
It is interesting to consider the possibility that the presence of 2 slightly misaligned blocks and the fact that they are interdigitated in the grinding tip itself may have functional advantages. A detailed examination of the diffraction pattern presented in Fig. S2 shows the (006), the (012) and the (01 4) diffraction spots. The zone axis in the diffraction pattern is perpendicular to the [21 0] direction and contains the a axis. It also contains 1 variant of the cleavage plane for calcite, namely (01 4). During grinding it can be expected that fracture will preferentially occur along the {104} cleavage planes. 01 4) cleavage planes form an edge with an angle close to 45°with respect to the grinding surface. The overall surface will thus be corrugated. As this surface wears down, the very small and relatively hard high Mg crystallites between plates would also be exposed in the grinding surface, as proposed by Ma et al. (11) . Both properties could thus contribute to the grinding capability of the tooth tip. We also note that in this model, the edges of the individual plates would remain anatomically sharp due to cleavage along the {104} planes, and the cleavage would probably not propagate through the whole tooth tip because of the small misalignment between neighboring plates.
Conclusion
The mature sea urchin tooth possesses incredible structural and compositional complexity. Here, we show the presence of crystalline blocks composed of 3 different coaligned elements: needles, plates, and polycrystalline matrix. We also show that the tip, and presumably the whole tooth, is composed essentially of 2 such coaligned blocks that differ in their orientations by Ͻ6°. The blocks are also interdigitated in the tip. Furthermore, the Mg concentrations increase toward the center of the tooth tip. We propose that all of these features contribute to the grinding capability of the tooth. A deep understanding of the structural design features of the tooth tip sheds light on the manner in which one crystalline phase, calcite, can be tailored to fulfill grinding and self-sharpening functions that enable the tooth to be used to grind holes into a substrate that is also composed only of calcite. Much can be learned from the sea urchin tooth that can be applied to the development of improved grinding and cutting tools.
Materials and Methods
Cultured specimens of the Mediterranean echinoid Paracentrotus lividus were obtained live from the Israel Oceanographic and Limnological Research Company, Israel. The teeth were mechanically extracted from the Aristotle's lantern and were either processed immediately or were frozen at Ϫ70°C for later use. Thin transverse cross-sections and longitudinal sections of sea urchin teeth with thicknesses of 100 -200 m were obtained by grinding and polishing the sample from both sides. Fresh sea urchin teeth were embedded in methyl methacrylate (Ultra-Mount; Buehler), and cured at room temperature overnight. The embedded samples were polished with a diamond suspension (DiaPro Dac, 3 m, and DiaPro NAP B, 1 m; Struers), and then an alumina suspension (AP-FF suspension, 0.1 m; Struers) for the final polishing step. We analyzed 3 different teeth with X-PEEM, 3 with diffraction and 1 with nano-SIMS. Freshly bleached red algae (Corallina elongata, from the Mediterranean Sea), synthetic calcite (WARD'S Natural Science) and geological dolomite were also embedded and polished as described above.
X-PEEM and XANES. All samples for X-PEEM analysis were repolished with alumina grit down to 0.05 m (Masterprep; Buehler), and coated with Pt to improve conductivity [1 nm of Pt in the analyzed area, 50 nm around it (29) ]. X-PEEM and XANES spectra on the sea urchin tooth samples and controls were acquired at the Synchrotron Radiation Center (University of Wisconsin), using the SPHINX X-PEEM installed on the VLS-PGM undulator beamline (80 -2,000 eV, spot size 100 m ϫ 300 m, flux density up to 10 9 photons per m 2 ⅐sec). The geometry of the SPHINX instrument was described by Frazer et al. (17) . Briefly, the beam illuminates the sample at a grazing incidence angle of 16°, and the sample is mounted vertically, whereas the optics column is horizontal, and along the normal to the sample surface. The minimum detection limit for X-PEEM is on the order of 100 ppm to 1 ppt, depending on the specific absorption edge and its cross-section. In PIC maps, the only structures imaged are those with anticorrelated * and * peaks at 290.3 and 302 eV, respectively. Both peaks and their anti-correlation are characteristic of carbonate groups, and both peaks are absent from any organic C spectra (16, 19) .
Microbeam X-Ray Diffraction. Transverse cross-sections and longitudinal sections of the sea urchin tooth with a thickness of Ϸ100 m were characterized by microbeam X-ray diffraction at the -Spot beamline at BESSY II in Berlin, Germany. The microbeam was defined by a toroidal mirror and a final pinhole of 10-m diameter close to the sample, providing a beam size of approximately (10 ϫ 10) m 2 at the sample position. An energy of 19 keV (wavelength ϭ 0.0652 nm) was selected by a Mo/BC multilayer monochromator. Twodimensional diffraction patterns were collected in transmission mode, using a MARMosaic 225 CCD based area detector at a sample-detector distance of 283.9 mm. The beam center at the detector and the sample-detector distance were calibrated using a powder X-ray diffraction pattern of synthetic hydroxyapatite. The software Fit2D (A. Hammersley, European Synchrotron Radiation Facility, Grenoble, France) was used for data reduction and analysis.
The tooth sections were mounted on a y-z scanning table on top of a goniometer, with the possibility to rotate the sample around the vertical z axis. An on-axis optical microscope was used to determine the exact position on the sample before the examination by X-ray diffraction measurements. The goniometer rotation axis was adjusted such that the actual sample position hit by the X-ray beam was exactly in the intersection point of beam axis and the rotation axis. Thus, the X-ray spot remained at the same sample position, within the accuracy of Ϸ20 m, during rotation of the sample. If the sample was rotated continuously during the collection of the diffraction pattern we denote this as ''oscillation.'' X-ray diffraction patterns at different positions on the tooth sections were taken at different rotation and for different oscillation ranges in transmission mode. It should be noted that, for large rotation angles, the position resolution perpendicular to the rotation axis (i.e., in the horizontal plane) becomes strongly blurred because of the sample thickness of 100 m.
Polarized Light Microscope. Transverse cross-sections of the sea urchin tooth at the mature end (grinding tip) with a thickness of 100 m were characterized under polarized light and plain light, using polarized light microscopy (ECLIPSE E600W POL; Nikon).
NanoSIMS.
Polished transverse cross-sections from the mature end of the sea urchin tooth were analyzed using nanoSIMS ion microprobe (Musè um National d'Histoire Naturelle, Paris). NanoSIMS analyses were carried out with a primary beam of negatively-charged oxygen focused to a spot-size of Ϸ100 nm on the surface of the sample. The secondary ions 24 Mg ϩ and 44 Ca ϩ were detected in multicollector mode with electron multipliers at a mass resolving power of Ϸ5,000, which allows all potentially problematic mass-interferences to be resolved (23, 24) . Images of 256 by 256 pixels were obtained by rastering the primary beam across a presputtered surface with a pixel dwelling time of 10 ms.
